Transport of macromolecules between the nuclear and cytoplasmic compartments through NPCs (nuclear pore complexes) is mediated by soluble transport factors that are commonly members of the importin-β superfamily. In the nuclear protein import cycle, importin-β binds cargo in the cytoplasm (usually via the importin-α adaptor) and transports it through NPCs with which it interacts transiently by way of NPC proteins ('nucleoporins') that contain distinctive FG (Phe-Gly) sequence repeats. In the nucleus, Ran-GTP binds to importin-β, dissociating the import complex. The importin-β-Ran-GTP complex recycles to the cytoplasm, whereas importin-α is recycled by the importin-β family member CAS (cellular apoptosis susceptibility protein) complexed with Ran-GTP. Cytoplasmic RanGAP (Ran GTPase-activating protein) dissociates these complexes, freeing the importins for another import cycle. Crystallography and biochemical and cellular studies have enabled a molecular description of the transport cycle to be developed and tested using protein engineering and computer modelling. Importin-β family members are elongated flexible molecules that adapt their shape to encircle their cargoes. Ran-GTP binds at three sites along importin-β and CAS, locking the molecules into a rigid conformation that is unable to bind cargoes effectively. Interactions between transport factors and key nucleoporins (such as Nup1p, Nup2p and Nup50) accelerate the formation and dissolution of many of these complexes.
members [12, 13] suggests that these proteins are superhelices with an inherent flexibility that is often functionally important to enable the appropriate conformational changes associated with cargo binding and release.
GTP hydrolysis by the Ras-family GTPase, Ran, provides the energy for the nuclear protein import cycle (reviewed in [1] ). Ran is charged with GTP in the nucleus by its GEF [guanine nucleotide-exchange factor; RCC1 (regulator of chromosome condensation 1) or Prp20p in yeast], whereas RanGAP stimulates GTP hydrolysis in the cytoplasm, after which Ran-GDP is recycled to the nucleus by NTF2 (nuclear transport factor 2) [14] [15] [16] . Thus the nucleotide state of Ran serves as a marker for each compartment: nuclear Ran is in the GTP-bound state, whereas cytoplasmic Ran is GDP-bound. Nuclear import factors bind their cargo in the cytoplasm in the absence of Ran-GTP, whereas nuclear Ran-GTP dissociates the cargo from the importins.
The bulk of the importin-α adaptor is constructed from a tandem series of α-helical Arm (Armadillo) repeats. The stacked Arm repeats give a gently curving banana-like molecule and NLSs bind to its inner concave face [17, 18] . In addition to the Arm repeat region, importin-α has an approx. 90-residue N-terminal IBB domain (importin-β-binding domain) that can compete with the NLSs to facilitate their release [19] . However, in the cytoplasm, the IBB domain is bound to importin-β, which enables importin-α to bind NLS-containing cargoes with nanomolar affinity.
Importin-β is the archetypical example of a superfamily of nuclear transport factors, all of which are constructed from a tandem series of 18-20 HEAT (Huntingtin, elongation Nuclear protein import is mediated by the transport factor importin-β that binds to cargoes bearing NLSs in the cytoplasm using the importin-α adapter. After the importin-α/β complex passes through nuclear pores, RanGTP binds to importin-β dissociating it from importin-α. The NLS-cargo is then displaced from importin-α and the importin-α is recycled to the cytoplasm by its nuclear export factor, CAS, complexed with RanGTP, whereas importin-β is recycled complexed with RanGTP. In the cytoplasm, RanGAP stimulates GTP hydrolysis, releasing the importins factor 3, the PR65/A subunit of protein phosphatase 2A and the lipid kinase Tor) repeats [8] [9] [10] [11] [12] [13] . Each HEAT repeat is based on two antiparallel α-helices linked by a turn [12, 13] . The HEAT repeats stack together to generate helicoidal snail-like molecules that can be considered as being formed from two C-shaped arches. Crystal structures are known for complexes of full-length importin-β with Ran-GTP [10] , cargoes [7, 13] or NPC proteins (nucleoporins) [11] together with several structures involving the N-terminal half (HEAT repeats 1-11) of the molecule [20] [21] [22] [23] . In the cytoplasm, importin-β forms an import complex by coiling around the importin-α IBB domain [13] .
Translocation of the importin-α/β-NLS-cargo import complex through NPCs is mediated by weak, transient interactions with nuclear pore proteins (nucleoporins) that contain characteristic repeating FG (Phe-Gly) sequence motifs [21, 22] . These sequence motifs are found in roughly half of the proteins that constitute NPCs and are characterized by cores rich in phenylalanine and glycine residues (such as GLFG and FXFG, where 'X' is a small, hydrophilic residue) separated by hydrophilic linkers of variable length and sequence. Crystallography has shown that the phenylalanine rings of the FG cores bind to shallow hydrophobic pockets on the surface of importin-β and engineered mutants that disrupt this interaction inhibit nuclear protein import and are lethal in yeast cells [19, 20] . However, although this interaction is crucial for nuclear protein import, the precise way in which it contributes to this function is controversial [24] . Moreover, some FG-nucleoporin repeats appear to be more important than others so that, although yeast with up to half of their mass of FG repeats deleted can remain viable, deletion of the FG repeats from individual FG-nucleoporins such as Nup116 is lethal [25] . The interactions between importin-β and the FG-nucleoporins simply equilibrate the import complex between the cytoplasm and the nucleus. Transport is powered by Ran-GTP dissociating the import complex in the nucleus, preventing its return to the cytoplasm.
The pitch of the importin-β helicoid changes substantially between different functional states, consistent with the molecule being flexible [3] . Importin-β coils around the α-helical IBB domain of importin-α, employing a very extensive interaction interface that spans between HEAT repeats 7 and 19 [13] . Conversely, importin-β binds SREBP-2 (sterol-regulatory-element-binding protein 2) using the two unusually long α-helices in HEAT repeats 7 and 17 that grasp the cargo molecule like chopsticks [5] . The NLS of PTHrP (parathyroid hormone-related protein) also binds directly to importin-β but, in this case, the binding site encompasses the inner concave surface of HEAT repeats 2-6 [23] . Ran-GTP binds the inner surface of yeast importin-β (Kap95p) at three sites located at HEAT repeats 1-4, 7-8 and 12-15 [10, 20] , whereas nucleoporins containing characteristic FG sequence repeats bind to shallow hydrophobic pockets on the outer, convex surface, between successive heat repeats [22, 23, 26] . The atomic structure of importin-β in its unbound state is not known, but small angle X-ray scattering [6] indicates that its superhelix is rather open, with the two arches taking up an S-like conformation. Compared with the unbound form of the protein, the pitch of the importin-β helicoid is reduced when bound to the importin-α IBB domain [13] , as well as to Ran-GTP [10] or to the nucleoporin Nup1p [11] . This change is most marked in the complex with Ran-GTP that has a significantly lower helicoidal pitch [10] . The different interaction interfaces observed for different importin-β partners are consistent with the observation that, whereas the binding of several of these proteins is mutually exclusive (e.g. cargoes and Ran-GTP), for others binding occurs simultaneously (e.g. nucleoporins and cargoes). The mutually exclusive binding of Ran-GTP and other partners is crucial for cargo release, whereas importin-β needs to be able to bind cargoes and nucleoporins simultaneously to facilitate translocation through NPCs.
The conformation of the importin-α nuclear export factor CAS (Cse1 in yeast) also changes dramatically between different functional states. In its nuclear export complex with Ran-GTP and yeast importin-α (Kap60p), Cse1p wraps around both of its partners to form an intimate contact over most of its concave surface [8] and the approx. 9000 Å 2 (1 Å = 0.1 nm) interaction interface includes both part of the IBB domain and an extensive region of the Arm repeat domain of importin-α [8] . This interaction interface is much more extensive than that seen with importin-β, where only the IBB domain is involved [13] . In contrast with the relatively 'open' conformation adopted in its export complex, free Cse1p (that corresponds to its state in the cytoplasm after the disassembly of the nuclear export complex) adopts a 'closed' conformation, in which its N-terminus folds back and binds at around HEAT repeat 15, in the C-terminal half of the molecule [9] . The helicoidal pitch in the unbound form of Cse1 is reduced substantially relative to that seen in its complex with Ran-GTP and importin-α. The conformational change is thus opposite to that described for importin-β, with the Cse1p superhelix opening up upon cargo binding.
Ran orchestrates the affinity of both importin-β and Cse1 for their cargoes in the cytoplasmic and nuclear compartments and so is crucial to effective nucleocytoplasmic transport. Ran-GTP releases the cargo from importins in the nucleus, whereas it is required for Cse1 to bind importin-α. This difference ensures cargo binding and release occurs in the appropriate compartments. Ran-GTP binds to the different β-karyopherins with a similar overall mechanism and using similar amino acid residues. In common with other Ras-family GTPases, two loops in Ran (the switch I and switch II loops) undergo considerable changes in conformation depending on the state of the bound nucleotide. Residues in these loops bind HEAT repeats 1-4 of importin-β, transportin and Cse1p [8, 10, 12, 20] . In addition, the switch I region contacts the C-terminal arch of the karyopherins, at HEAT repeats 12-15. In the case of importin-β and transportin, a third contact is provided by a group of positively charged residues surrounding residue 140 on Ran that bind to an acidic insertion protruding from HEAT repeat 8 [10, 20] . In contrast, in the Cse1p-Kap60p-Ran-GTP export complex, this third contact is instead to a cluster of acidic residues on the importin-α cargo with an additional contribution from an interaction between the switch I loop and an extraordinarily long loop in Cse1p HEAT repeat 19 [8] .
The considerable variation in helicoidal pitch seen with β-karyopherins complexed with different partners [3] and also between different copies of the same molecule either within an asymmetric unit [9, 10] or in different crystal forms [13] suggests that these molecules may be relatively flexible. Overall, the β-karyopherin superhelices can be thought of as analogous to a tightly wound spring in which each HEAT repeat represents a single turn of the spring [26] . Such a conformation would be expected to be intrinsically flexible, so that small changes in the relative orientation of successive HEAT coils could cumulatively generate substantial changes in the helicoidal pitch. At the level of individual HEAT repeats, the conformational changes would be relatively small and probably involve small changes in orientation between the α-helices within and between repeats, although these movements could also be combined with hinge-like movements of segments containing a number of HEAT repeats [9, 12] . A level of flexibility enables importin-β to bind a very wide range of different substrates through an induced fit mechanism in which the changes in helicoidal pitch can be substantial. This can be seen, for example, when comparing the conformations of its complexes with the IBB domain and Ran-GTP. The extent to which an induced fit mechanism contributes to the ability to recognize different substrates may vary between β-karyopherins and, for example, may be of lesser importance for Cse1p that appears to have only a single cargo. Karyopherins are frequently observed to coil around their cargoes, implying that the individual transport factors generally do not fit together in a simple recognition interface. Instead, the karyopherins probably gradually wrap around their cargo like a snake around its prey. Consequently, β-karyopherin flexibility appears to be an important general feature that facilitates the formation of cargocarrier complexes with a large and intimate interaction interface.
Molecular flexibility may also be important in circumventing the apparent paradox of needing to have considerable energy of binding to ensure effective molecular recognition of binding partners coupled with requiring relatively small overall energy changes so that the transitions between states can be achieved with the comparatively small energy associated with Ran-GTP hydrolysis [8, 10] . Distorting the karyopherin helicoid would require energy, which would tend to balance the energy liberated from the large interaction interface. This mechanism would envisage the energy of binding tending to be compensated by an increase in the karyopherin's internal energy as the molecule deforms to accommodate binding to one of its substrates. In this way, a large interaction energy (required for high specificity) would be compensated by the energy consumed by distorting the karyopherin, so that the overall energy change remained small. The precise way in which energy would be stored in the distorted karyopherin conformations has not yet been established and may involve contributions from both entropy (deriving from decreased molecular flexibility) and enthalpy, associated with small structural distortions (such as hydrogen-bond stretching) within and between HEAT repeats [3] . Mechanisms of this sort would allow transitions between states to be achieved using a somewhat smaller amount of energy and should be helpful in facilitating the very accurate molecular recognition that is a prerequisite for the precisely orchestrated series of interactions needed in nuclear transport cycles. Moreover, by balancing the interaction energy with the internal strain energy, most of the energy liberated by the extensive interaction interface between karyopherins and their partners would be used to distort the karyopherin helicoid to give 'spring-loaded' molecules that can be dissociated by relatively small energy changes [8, 10] .
Nucleoporins located at the nuclear face of NPCs, such as Nup1, Nup2 and Nup50, also function to catalyse dissociation of the import complex and recycling of the importins [11, [27] [28] [29] . Crystallography [28, 29] has shown that Nup50 (Nup2 in yeast) binds to two sites on importin-α and actively displaces bound NLSs, thus greatly accelerating cargo import into the nucleus. The weaker of the Nup50 binding sites overlaps the NLS binding site, whereas the higher affinity site is located at the importin-α C-terminus. After Nup50 displaces the NLS, it is itself displaced by Cse1 binding to the importin-α C-terminus, after which the IBB domain displaces the more weakly bound Nup50 segment. This binding of the IBB domain to the NLS binding sites is crucial for the formation of the Cse1-importin-α-Ran-GTP export complex and so the sequential binding of Nup50 followed by Cse1 provides a powerful molecular ratchet to ensure that importin-α is only recycled to the cytoplasm after releasing its cargo [28, 29] .
